Induced fit explains why biomolecules can bind together even if they are not optimized for binding. However, induced fit can lead to a kinetic bottleneck and does not describe every interaction in the absence of prior complementarity. Preselection of a fitting conformer is an alternative to induced fit. not have much effect on the result of the calculation. Conformational changes in proteins have half-times of milliseconds, so I choose k 2 = 10 2 s 1 (half-time = 7 ms, from ln2/k 2 ). The corresponding values of the back reactions are then k 1 = 10 4 s 1 and k 2 = 10 6 s
irtually all biological phenomena depend in one way or another on specific molecular recognition. At the end of the 19th century, Emil Fischer coined his famous lock-and-key analogy to picture the specificity of enzyme reactions, which are a molecular premise of life (4) . The enzyme was considered to be a rigid template in which the substrate had to fit as a key into a lock. Over the years, however, it became apparent that a rigid fit between preformed molecular structures cannot explain all aspects of enzyme catalysis. For example, why should a smaller substrate not fit into the active site of an enzyme designed for a larger substrate? Or why are some enzymes highly selective but others may accommodate several structurally different substrate molecules?
It is in this context that, over 40 years ago, Daniel Koshland formulated the concept of the induced fit (7) . To facilitate the enzymatic reaction in the absence of a precise fit, he postulated that "the substrate may cause an appreciable change in the three-dimensional relationship of the amino acids at the active site" (7) . The idea of a precise fit was retained from the lock-and-key image, but it was stated explicitly that the fit "occurs only after the changes induced by the substrate itself" (emphasis original). The concept soon became textbook knowledge and has since been used to explain all kinds of molecular recognition processes far beyond enzyme-substrate reactions. Indeed, structural analysis of interacting biomolecules has established again and again that a complex and its free component molecules may differ in fine details of structure, in apparent support of recognition by induced fit. A good case in point is provided by several antigen-antibody complexes for which spatial adaptation has been demonstrated by high-resolution crystal structure analysis (2) . Structural plasticity is also evident in other protein-protein interactions (12) .
Limits of induced fit
Why should one question a time-honored concept? My reason is that the induced fit paragon often is too ready at hand to explain why molecules without apparent structural complementarity interact. The problem lies in the original assumption that a favorable fit develops only after initial binding, which is often taken too literally. Considering the kinetics and thermodynamics of a binding reaction, induced fit is possible only if the match between the interacting sites is strong enough to provide the initial complex enough strength and longevity so that induced fit takes place within a reasonable time. I wish to illustrate this crucial point by a simple model calculation based on the thermodynamic cycle shown in Fig. 1 . Consider molecules A and B, which may be enzyme and substrate, antigen and antibody, hormone and receptor, or any other pair of interacting molecules. For the sake of simplicity I also assume that the induced fit occurs only in molecule B, which is changed into B* to form the stable complex AB*. (This assumption does not affect the result of the calculation but simplifies the mathematical formalism.) Binding by induced fit is described by reactions 1 and 2 of Fig. 1 . In reaction 1, A and B interact to form the initial complex AB, which is a loosely bound pair of molecules. Precise and energetically favorable interactions form afterward in reaction 2, in which B is forced into conformation B* by induced fit. The energy for "pulling" and "pushing" of B into the fitting conformation originates from the optimized fit achieved in the final complex AB*. The overall binding constant for complex AB* is K = K 1 × K 2 = k 1 × k 2 /k 1 × k 2 (see Fig. 1 for definitions of binding constants and kinetic rate constants).
As a practical example, envision an antigen-antibody complex for which K typically is of the order of 10 8 M
1
. Since reaction 1 is unfavorable, I take K 1 to be 1 M
, from which it follows that K 2 = 10 8 M
. Because K 2 >> K 1 , the equilibrium is well on the side of the antigen-antibody complex AB*. For example, if 1 × 10 6 M antibody reacts with 1 × 10 6 M antigen, the thermodynamic equilibrium is 91% on the side of the antigen-antibody complex (calculated from K = 10 8 M 1 and [antigen] total = [antibody binding site] total = 1 × 10 6 M, where square brackets indicate concentration). The important question, which is often overlooked, is how long it will take to reach this equilibrium concentration. The time course is described by
To calculate the time to reach equilibrium, one needs reasonable estimates of k 1 and k 2 (k 1 and k 2 follow from the chosen values of K 1 and K 2 ; see . Numerical integration of equations 1 and 2 for the above rate constants and 1 × 10 6 M starting concentrations of antigen and antibody gives a half-time for the formation of the antigen-antibody complex of a2.5 h. Thus reaching equilibrium takes a1 day (~10 half-times). The reason for this long reaction time is that, once formed, the unstable antigen-antibody complex AB has only a very small chance to undergo the induced fit transition to the stable antigen-antibody complex AB*. The induced fit, although thermodynamically reasonable, is too slow to be meaningful as a biological reaction.
Conformational selection is an alternative to induced fit
Other researchers, including myself (1, 3, 5, 8, 13, 14) have pointed out that there is an alternative mechanism to induced fit. The essence of conformational selection, described by reactions 3 and 4 of Fig. 1 , is that the conformation change is not assumed to occur after initial binding. This is a rather obvious assumption. Take the antigen-antibody complex AB*. It dissociates into free antibody A and free antigen B* through reaction 4. Hence B* occurs in isolation even though it may be only a short-lived minority conformation, rapidly equilibrating with the major conformation B through reaction 3. To calculate how long it takes to reach the equilibrium concentration of AB* by . Under these conditions, the formation of the antigenantibody complex AB* through reactions 3 and 4 has a halftime of only 80 s; the equilibrium concentration of AB* is achieved in <15 min.
These calculations demonstrate that binding by induced fit makes sense only if there is a certain extent of preexisting complementarity between the interacting species; otherwise the initial complex AB is too short lived (an assumption implicit in Koshland's initial paper). By using the above forward rate constants k 1 and k 2 and 1 × 10 6 M initial concentrations, one finds that K 1 has to be a10 4 M 1 to attain the same half-time of 80 s for the induced fit pathway as for the conformational selection pathway.
Experimental demonstration of binding by conformational selection
Surprisingly few studies have attempted to show conformational selection despite the fact that it is more easily demonstrated than induced fit (1, 5, 8, 15) . To demonstrate induced fit, one would have to sample structural information over the course of the binding reaction, a rather difficult task. To demonstrate conformational selection, one has to show that the rate of formation of the complex AB* is linearly proportional to the concentration of the fitting conformer B* and nonlinearly proportional to the total concentration of B + B*. If one can measure the conformational equilibrium reaction 3 in the absence of 2. Kinetics of the cross-reaction of antibody c11L34Ser with the leucine zipper GCN4. A: the rate of the cross-reaction with GCN4 is linearly proportional to the concentration of the unfolded peptide calculated from K 3 of reaction 3 in Fig. 1 () and nonlinearly proportional to the total concentrathe binding partner A, one can calculate the concentration of B* and predict the overall velocity of formation of AB*.
A well-studied example is the reaction of the single-chain antibody fragment directed against the 33-residue-long prolinecontaining peptide GCN4-7P14P, called peptide P for short (6) . The peptide is very similar in sequence to the leucine zipper domain of the yeast transcriptional activator GCN4, except that it does not form a leucine zipper because it contains two proline residues. (Prolines are not compatible with the helical conformation of a leucine zipper, which is a dimer of helices wound around each other.) However, the antibody cross-reacts with the GCN4 leucine zipper, and this cross-reaction clearly follows a conformational selection pathway. The antibody reacts with the unfolded peptide, which is supplied from the folded leucine zipper (reaction 3). Comparing the original reaction of the antibody with peptide P to the cross-reaction with the leucine zipper GCN4, one expects that the cross-reaction is slower since the antibody has to select a small amount of unfolded peptide in equilibrium with a large amount of folded leucine zipper. Moreover, the rate of the cross-reaction with the predominantly folded leucine zipper will show a nonlinear dependence on the total antigen concentration yet a linear dependence on the concentration of the small amount of unfolded peptide (8, 15) . This would not be the case for an induced-fit mechanism, which should be biphasic, with the first phase corresponding to a bimolecular association reaction whose rate depends linearly on the total antigen concentration and the second phase to a concentration-independent conformational rearrangement. Figure 2 shows the actual data. The rate of formation of the antigen-antibody complex depends linearly on the concentration of the small amount of unfolded peptide and nonlinearly on the total antigen concentration ( Fig. 2A) . Figure 2B shows the kinetic traces of the more rapid reaction with the original antigen and the slower reaction with the GCN4 leucine zipper. Nonetheless, conformational selection of the unfolded leucine zipper is still orders of magnitude faster than an induced-fit pathway because binding of the antibody to the folded leucine zipper (reaction 1 of Fig. 1 ) is extremely weak (1).
The energy landscape model of protein conformation
Folded proteins do not have a single unique structure but are better regarded as a large ensemble of similar structures having similar energy contents. These so-called conformers are in rapid fluctuation with each other (10) . If the energy landscape is smooth, the many conformers interchange rapidly. If it is rugged, the ensemble may include conformers that may be quite different and interchange more slowly. Thus selection between the structures B and B* is a grossly oversimplified view. In reality it is more like a selection among very many more-or-less fitting structures (13) . However, the end result of conformational selection is the same: those conformers that show the best fit bind best.
Conclusions
Conformational selection is a valuable alternative to induced fit. This is not to say that binding by induced fit does not occur. Actually, a combination of conformational selection and induced fit would seem to be the best description of the interaction between molecules that apparently do not optimally fit to begin with. We may envision selection between partly fitting structures followed by minor readjustments to the final stable complex (which according to the landscape theory is itself an ensemble of similar conformers). The main point is that induced fit cannot be a cure-all as is often purported in the literature. Induced fit requires some prior molecular match to provide sufficient affinity before conformational adaptation. If this condition is not met, induced fit leads into a kinetic bottleneck, even if the overall reaction is thermodynamically feasible.
